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Grapevine downymildew caused by the Oomycete Plasmopara viticola is one of the most im-
portant diseases affecting Vitis spp. The current strategy of control relies on chemical fun-
gicides. An alternative to the use of fungicides is using downy mildew resistant varieties,
which is cost-effective and environmentally friendly. Knowledge about the genetic basis
of the resistance to P. viticola has progressed in the recent years, but little data are available
about P. viticola genetics, in particular concerning the nature of its avirulence genes. Iden-
tifying pathogen effectors as putative avirulence genes is a necessary step in order to un-
derstand the biology of the interaction. It is also important in order to select the most
efficient combination of resistance genes in a strategy of pyramiding. On the basis of
knowledge from other Oomycetes, P. viticola effectors can be identified by using a candidate
gene strategy based on data mining of genomic resources. In this paper we describe the de-
velopment of Expressed Sequence Tags (ESTs) from P. viticola by creating a cDNA library
from in vitro germinated zoospores and the sequencing of 1543 clones. We present 563 pu-
tative nuclear P. viticola unigenes. Sequence analysis reveals 54 ESTs from putative secreted
hydrolytic enzymes and effectors, showing the suitability of this material for the analysis
of the P. viticola secretome and identification of effector genes. Next generation sequencing
of cDNA from in vitro germinated zoospores should result in the identification of numerous
candidate avirulence genes in the grapevine/downy mildew interaction.
ª 2012 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.Introduction leading to important losses of yield (Gessler et al. 2011). Plasmo-Grapevine downy mildew caused by the biotrophic Oomycete
Plasmopara viticola (Berk. & Curt. ex. de Bary) is one of the most
important diseases affecting Vitis spp. (Viennot-Bourgin 1949).
Plasmopara viticola attacks all grapevine green tissues, includ-
ing leaves, berries, tendrils, and shoots. In the absence of con-
trol it causes defoliation as well as drying of berries and stalk,la Vigne et Qualite du V
.fr
ritish Mycological Societpara viticola is a heterothallic diploid whose life cycle consists
of alternate sexual and asexual phases. The asexual phase is
polycyclic and runs over the period of grapevine vegetative
growth, while the sexual phase is responsible for the produc-
tion of overwintering oospores, which represent the primary
inoculum for the next season. A typical asexual cycle starts
with a zoospore encysting next to stomata and then producingin, 28 rue de Herrlisheim BP 20507, 68021 Colmar Cedex, France.
y. Published by Elsevier Ltd. All rights reserved.
826 P. Mestre et al.a germinative tube that penetrates inside the leaf through the
stomata. After forming a vesicle in the substomatic cavity, the
pathogen grows in the form of intercellular hyphae, producing
haustoria to obtain nutrients from the plant. After a variable
incubation time, which depends on environmental condi-
tions, sporulation takes place on the abaxial side of the leaf
via emission of sporangiophores through stomata. Release of
sporangia, where zoospores are formed, marks the start of
a new cycle.
Grapevine downy mildew is currently controlled by chemi-
cal fungicides. Using downy mildew resistant varieties is
a cost-effective and environmentally friendly alternative
(Bisson et al. 2002). However, since all Vitis vinifera cultivars pro-
ducing quality wines are susceptible to downy mildew, the re-
sistance needs to be introduced through breeding programs
from P. viticola-resistant species found in the Vitaceae (Denzer
et al. 1995; Staudt & Kassemeyer 1995; Brown et al. 1999;
Kortekamp & Zyprian 2003; Cadle-Davidson 2008). As a conse-
quence of several breeding efforts, knowledge about the genetic
basis of the resistance to P. viticola has progressed in recent
years (Marino et al. 2003; Merdinoglu et al. 2003; Welter et al.
2007; Bellin et al. 2009; Marguerit et al. 2009; Blasi et al. 2011).
Despite the advances in the characterisation of the resis-
tance genes from the Vitaceae, knowledge about P. viticola ge-
netics is scarce, and nothing is known about the nature of
its avirulence genes. The identification of pathogen avirulence
genes is a necessary step to understanding the biology of the
interaction and has important implications in the breeding
for disease resistance. In fact, identification of avirulence
genes has proved useful for the discovery and functional pro-
filing of disease resistance genes, allowing detection of func-
tionally similar genes in different sources of resistance
(Vleeshouwers et al. 2008). Furthermore, it has been proposed
that studying the diversity and expression of putative aviru-
lence genes in pathogen populationsmay provide valuable in-
formation when choosing the most efficient combination of
resistance genes in order to achieve durable resistance
(Michelmore 2003; Birch et al. 2008).
Most Oomycete avirulence proteins known to date belong to
the RXLR family of effector proteins. They are small secreted
proteins containing a signal peptide and an RXLR (Arg-X-Leu-
Arg) motif (Kamoun 2006; Stassen & van den Ackerveken
2011). Based on this information, P. viticola avirulence genes
can be identified using a candidate gene strategy aimed at find-
ing RXLR effectors by datamining of genomic resources. Unfor-
tunately, public genomic resources of P. viticola are very limited.
A recent search at EMBL/Genbank databases produced 83 P. vit-
icola entries (ten ESTs and 73 core nucleotides), the majority
corresponding to sequences of mitochondrial or ribosomal ori-
gin. Otherwise, cDNA-AFLP analysis of grapevine infected
leaves produced 96 P. viticola sequences with an average size
of 221 nucleotides (Polesani et al. 2008), and Solexa sequencing
of cDNA derived from infected grapevine leaves attributed 251
short reads to P. viticola (Wu et al. 2010). The preliminary step of
creation of P. viticola genomic resources is therefore required in
order to identify putative avirulence genes in the interaction
between grapevine and downy mildew.
Expression of Oomycete RXLR effectors is induced upon in-
fection (Schornack et al. 2009, and references therein), so ef-
fector genes can be found in cDNA libraries from infectedtissue at early stages of the interaction. Accordingly, identifi-
cation of pathogen effectors by data mining of Expressed Se-
quence Tags (ESTs) derived from infected tissue has been
reported for several pathosystems (Bittner-Eddy et al. 2003;
Catanzariti et al. 2006; Cramer et al. 2006; Torto-Alalibo et al.
2007; Bowen et al. 2009; As-sadi et al. 2011; Cabral et al. 2011).
However, this strategy involves sequencing a high number
of cDNA clones since, despite the enrichment in putative ef-
fector genes, the pathogen biomass in the early stages of in-
fection is still low compared to the plant biomass.
An alternative to the use of infected tissues as the source of
ESTs is using pathogen zoospores, which can be obtained in
considerable amounts without difficulty, thus solving the
problem of limited pathogen biomass. Plasmopara viticola zoo-
spores are easily obtained by washing off sporangia from
infected leaves and the first stages of pathogen development
(growth of germinative tubes and vesicle formation) can be
reproduced in vitro (Riemann et al. 2002). Interestingly, the ex-
pression of genes putatively involved in pathogenicity has
been observed in zoospores from Oomycetes (Judelson &
Blanco 2005), opening the possibility of using this material to
search for putative effectors.
In this paper we report on the development of ESTs re-
sources for P. viticola. We obtained cDNA libraries from both
P. viticola infected grapevine leaves and in vitro germinated
zoospores, and evaluated the amount of pathogen sequences
present in each library. To explore the suitability of in vitro ger-
minated zoospores for the identification of pathogen effec-
tors, we sequenced 1920 cDNA clones and identified 827
P. viticola nuclear ESTs. Sequence analysis revealed the pres-
ence of 54 ESTs from genes putatively involved in pathogenic-
ity, together with other putative secreted proteins. Based on
our results, in-depth analysis of the P. viticola transcriptome
using next generation sequencing of cDNA from in vitro germi-
nated zoospores should result in the identification of numer-
ous candidate avirulence genes in the grapevine/downy
mildew interaction.Materials and methods
Plant and pathogen materials
Seedlings of Vitis vinifera cv. Muscat Ottonel were used in this
study. Seedlings were grown on stone wool in a greenhouse at
22e19 C (dayenight) and a photoperiod of 16 h of light.
Plasmopara viticola isolate SC was collected from V. vinifera
Chardonnay in the experimental field of INRA in Colmar
(France) and maintained on detached leaves from seedlings
of V. vinifera cv. Muscat Ottonel.Sample preparation
Plasmopara viticola-infected material for cDNA library construc-
tion was obtained by inoculating detached leaves as described
in Peressotti et al. (2010). Briefly, leaves were surface-sterilized
with bleach, followed by three washes in sterile water. Leaves
were inoculated all through their surface with 10 ml-drops of
a suspension of 50000 sporangia/ml, kept in Petri dishes on
wet filter paper and incubated in a growing chamber at 21 C
Identification of effector genes from P. viticola 827and a photoperiod of 16/8 h (light/dark, respectively). Forty-
eight hours postinfection, four leaf discs were sampled and
successful infectionwas confirmed bymicroscopic observation
of pathogen structures using aniline-blue staining as described
in Diez-Navajas et al. (2007). Leaves were then snap-frozenwith
liquid nitrogen and conserved at 80 C.
Plasmopara viticola-infected material for RT-PCR experi-
ments was obtained by inoculating leaf discs as described in
Peressotti et al. (2010). Leaf discs 1 cm in diameter were pre-
pared from the fourth, fifth, and sixth leaf of Vitis vinifera seed-
lings, bulked, and placed abaxial surface up on humid filter
paper on sealed Petri dishes. Discs were inoculated with 20 ml
of a suspension of 10000 sporangia/ml and incubated as de-
scribed above. Samples for each time point consisted of a Petri
dish containing ten leaf discs. At each time point, ten leaf discs
were snap-frozenwith liquid nitrogen and conserved at80 C.
In vitro germinated P. viticola zoospores were obtained as
described in Riemann et al. (2002). Detached leaves were
infected as described above. Sporangia were washed off
heavily infected leaves by gentle shaking in water in 50ml Fal-
con tubes. Leaves were removed and the suspension was left
for 1 h at 21 C under light. After checking zoospore release
with a microscope, NaCl was added to a final concentration
of 10 mM and the suspension was incubated for another
hour under the same conditions. After checking zoospore ger-
minationwith amicroscope, zoospores were collected by cen-
trifugation 15 min at 2200g at 4 C. Zoospores were
resuspended in 1 ml of sterile distilled water and transferred
to 1.5-ml Eppendorf tubes. Suspensions were centrifuged for
2 min at maximum speed using a microcentrifuge and the su-
pernatant was removed by aspiration. Tubes were snap-
frozen with liquid nitrogen and conserved at 80 C.
RNA extraction
Total RNA was extracted from infected leaves as previously
described (Zeng & Yang 2002). RNA extractions from Plasmo-
para viticola in vitro germinated zoospores were performed us-
ing the RNeasy Plant Mini Kit (Qiagen) following the
manufacturer’s instructions. Removal of residual genomic
DNA was achieved by DNase treatment of RNAs using the
Ambion Turbo-DNAfree kit. RNAs were quantified using
a Nanodrop ND-1000 spectrophotometer (Thermo Scientific).
Library construction
Both cDNA libraries were obtained in phagemid vector lTri-
plEx2 using Clontech’s SMART cDNA Library Construction
Kit. cDNAs were synthesized from 1 mg of total RNA by LD-
PCR using 20 cycles of amplification. cDNAs were then
digestedwith SfiI, size-fractionated, and ligated to vector lTri-
plEx2 following the manufacturer’s instructions with all ap-
propriate controls. Packaging reactions were performed
using MaxPlax Lambda Packaging Extracts from Epicentre
Biotechnologies. Titering of the unamplified library, library
amplification, and titering of the amplified library were per-
formed following Clontech’s SMART cDNA Library Construc-
tion Kit instructions using Escherichia coli strain XL1-Blue. The
library derived from germinated zoospores showed an unam-
plified titre of 6  10e6 pfu ml1 (7  10e8 amplified). Thelibrary derived from infected tissue showed an unamplified ti-
tre of 3 10e7 (2 10e9 amplified) pfuml1. Library insert size
was evaluated on 24 individual phage plaques by PCR with
M13 universal primers: isolated phage plaques were placed
in 200 ml of 1 lambda dilution buffer, vortexed and then 1 ml
was used in a 20 ml PCR reaction. Amplified libraries were con-
served in DMSO (Dimethyl sulfoxide) at 80 C. Bulk conver-
sion of phagemid lTriplEx2 clones to plasmid pTriplEx2
clones was performed following the kit instructions using E.
coli strain BM25.8. This required performing preliminary tests
aimed at finding the amount of amplified lysate producing
a satisfactory density for colony picking. Ten thousand colo-
nies were picked, grown on 384-well plates in freezing media
supplemented with carbenicillin, and stored at 80 C.
Sequence analysis
Sequencing of 1920 cDNA clones on plasmid pTriplEx2was out-
sourced to GATCBiotech, Konstanz, Germany. cDNA sequences
were assembled using the GAP4module of Staden package 1.6.0
(http://sourceforge.net/projects/staden) (Staden 1996). Library
redundancy was calculated as described in Cramer et al.
(2006). Identification of grapevine sequences was performed
by nucleotidic Blast against the 12X version of the grapevine ge-
nome sequence (http://www.genoscope.cns.fr/cgi-bin/blast_
server/projet_ML/blast.pl) (Jaillon et al. 2007); sequences show-
ing identity95% to the grapevine genome sequencewere con-
sidered as derived from grapevine. Sequences belonging to
Plasmopara viticola ribosomal RNAs or mitochondrion, as well
as sequences from bacterial origin, were selected after nucleo-
tidic Megablast against the nr/nt database at the National Cen-
ter for Biotechnology Information (NCBI) (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) (Altschul et al. 1990). Sequences were trans-
lated using EMBOSS Transeq at the European Bioinformatics
Institute (EBI) (http://www.ebi.ac.uk/Tools/emboss/transeq/).
Functional identification was done by BlastX analysis against
the nonredundant (nr) protein database at NCBI and against
the Phytophthora infestans proteome at the Broad Institute
(http://www.broadinstitute.org/annotation/genome/phytophthora_
infestans/Blast.html) (Haas et al. 2009). Although the genome se-
quence from other Oomycetes is available, we limited our search
to just oneof them for the sake of clarity, sincepreliminary analysis
using other Oomycete genome sequences revealed similar re-
sults. Motif identification and Gene Ontology (GO) classifica-
tion were performed using InterProScan at EBI (http://
www.ebi.ac.uk/Tools/pfa/iprscan/) (Hunter et al. 2009). Putative
secreted proteins were identified using SignalP at CBS (http://
www.cbs.dtu.dk/services/SignalP/) (Emanuelsson et al. 2007).
The 563 putative nuclear P. viticola unigenes had an average
size of 580 nt, 530 nt when considering only the 454 singletons.
Sequences from unigenes possessing at least two ESTs as well
as from other singletons cited in the manuscript have been
submitted to the EMBL database with accession numbers
HE582023 to HE582206.
Semiquantitative RT-PCR
First strand synthesis was performed using RevertAid First
Strand cDNA Synthesis kit following the manufacturer in-
structions (Fermentas). PCR amplification was done using
828 P. Mestre et al.GoTaq Taq Polymerase (Promega). PCRs for Vitis vinifera actin
consisted of 25 cycles of 20 s at 94 C, 20 s at 60 C, and 45 s
at 72 C, followed by a final extension of 10 min at 72 C.
PCRs for Plasmopara viticola genes consisted of 30 cycles of
the same programme. Primer sequences for grapevine and P.
viticola actins have been previously reported (Schmidlin et al.
2008). Primer sequences for other P. viticola genes are available
upon request. PCR products were resolved in 1 % (w/v) agarose
gels in TAE (40mM Tris-acetate, 1 mM EDTA, pH 8) and visual-
ised by ethidium bromide staining.Results
cDNA library construction and sequencing
Two cDNA libraries were obtained in the phagemid vector
lTriplEx2, one from in vitro germinated Plasmopara viticola zoo-
spores (Fig 1A and B) and a second from infected nonsporulat-
ing grapevine leaves (Fig 1C). Average insert sizes were 750 nt
for the germinated zoospores library and 900 nt for the library
derived from infected tissue. The percentage of empty clones
was 5 % for both libraries.Fig 1 e Tissues used for the construction of P. viticola cDNA libr
(A) In vitro germinated zoospores from P. viticola. Zoospore cyto
microscope. Bar [ 10 mm. (B) Detail of a germinated zoospore s
structures appear green fluorescent. z: zoospore, s: septum, v: v
Bar [ 5 mm. (C) Aniline-blue stained grapevine leaves infected
cence microscope. P. viticola structures appear green fluorescent
in this figure legend, the reader is referred to the web version oInserts from 45 phage plaques from each library were
50end-sequenced using a lTriplEx2-specific primer. The avail-
ability of the grapevine genome sequence as well as the se-
quences from different Oomycetes allowed us to attribute an
origin to the sequences. Thus, sequence analysis of the zoo-
spore library revealed 6.6 % (3/45) of grapevine sequences
and 62.2 % (28/45) of sequences that could be attributed to P.
viticola, while the remaining 31 % (14/45) did not show signifi-
cant hits on the selected databases. The library from infected
tissue showed 82.2 % (37/45) of grapevine sequences and
17.7 % (8/45) of putative P. viticola sequences. Despite the
high density of the infection in the tissues used for the inter-
action library (Fig 1C) the percentage of P. viticola sequences
was too low, sowe concentrated our efforts on the germinated
zoospore library.
An aliquot of the germinated zoospore library was used to
convert the lTriplEx2 phage clones into pTriplEx2 plasmid
clones. Ten thousand colonies were picked and stored in
384-well plates. One thousand nine hundred twenty clones
were 50end-sequenced using a pTriplEx2-specific primer, pro-
ducing 1543 useful sequences. Sequences were assembled us-
ing the GAP4 module from Staden and analysed as described
in the flowchart in Fig 2.aries.
plasm appears in grey. Picture taken under a bright light
tained with aniline blue observed under UV light. P. viticola
esicle. Picture taken under an epifluorescence microscope.
with P. viticola. Picture taken at 48 hpi using an epifluores-
. Bar[ 50 mm. (For interpretation of the references to colour
f this article.)
Table 1 e Distribution of putative P. viticola nuclear cDNA
sequences from the in vitro germinated zoospores library.
Unigenes (%) ESTs (%)
Total 563 (100) 827 (100)
BlastX hits to NCBI nr
database (E value < 10e-3)a
325 (58) 535 (65)
BlastX hits to P. infestans
proteome (E value < 10e-3)a
465 (82) 698 (84)
BlastN hits to P. infestans
transcriptome (E value < 10e-3)b
360 (64) 535 (65)
Hits InterProc 226 (40) 395 (48)
Hits GO molecular functionc 159 (28) 278 (34)
Hits GO biological processc 119 (21) 163 (20)
Hits GO cellular compartmentc 51 (9) 76 (9)
Predicted secreted (SignalP) 36 (6) 117 (14)
Putative secreted (SignalP þ
similarity P. infestansd)
81 (14) 179 (22)
a Sequences showing similarity at the protein level.
b Sequences showing similarity at the nucleotide level.
c Obtained by submitting the protein sequence to InterProScan.
d Proteins highly similar (E value < 1e-30) to P. infestans secreted
proteins.
Fig 2 e Flowchart of P. viticola cDNA sequence analysis.
Grey shaded boxes show analysis procedures. White boxes
show sets of unigenes, with EST numbers shown between
brackets. ESTs were assembled with GAP4. Nucleotidic Blast
against the grapevine genome sequence allowed removing
of grapevine sequences. Nucleotidic Blast against the NCBI
nr database allowed identifying sequences from P. viticola
mitochondrion and ribosomal RNA, as well as other con-
taminant sequences. Putative P. viticola nuclear sequences
were translated in three ORFs and singletons producing
peptides smaller than 50 aminoacids were discarded. The
remaining sequences were subjected to the analysis shown
at the bottom of the flowchart.
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Results of sequence analysis are summarized in Table 1. Se-
quence analysis identified 563 putative nuclear Plasmopara vit-
icola unigenes corresponding to 827 ESTs, with 109 unigenes
possessing at least two ESTs and 454 singletons, thus giving
a level of redundancy of 32 %. Blast hits to the NCBI nr protein
database and to the Phytophthora infestans proteome were
obtained for 58 % and 82 % of unigenes respectively, whichis in accordance with our sequences being from Oomycete or-
igin. Manual inspection of the alignments with the P. infestans
proteome revealed thatmost ESTs possessed the cDNA 30-end,
while a considerable number were missing the 50-end.
We performed functional classification of ESTs based on
the GO annotation obtained with InterProScan. Biological pro-
cesses could be tentatively assigned to 119 unigenes. Organi-
sation of the different biological processes in categories is
shown in Table 2. Genes involved in metabolism, with partic-
ular emphasis on cell wall metabolism, and other housekeep-
ing processes accounted for almost half of the hits. Other well
represented processes were protein degradation, protein
phosphorylation/signalling, and transport. A total of 226 unig-
enes showed hits to protein signatures from the InterPro data-
bases. Highly represented protein signatures are listed in
Table 3.
SignalP analysis identified 36 unigenes (117 ESTs) possess-
ing a signal peptide and thus encoding putatively secreted
proteins. Since a number of our ESTs were missing the 50-
end and thus precluded us from checking for the presence
of a signal peptide, we searched for sequences showing high
similarity (E value < 10e-30) to P. infestans proteins predicted
to be secreted. Altogether we found 81 unigenes (179 ESTs)
coding for putatively secreted proteins, out of which 26 unig-
enes (54 ESTs) were coding for proteins with functions and/or
motifs putatively involved in pathogenesis (Table 4).Expression analysis of selected genes
To verify that the putative effectors found in germinated zoo-
spores were actually being expressed in infected tissue, we se-
lected five genes encoding putative secreted full-length
candidate effectors and studied their expression in different
developmental stages of Plasmopara viticola by semiquantita-
tive RT-PCR. The selected genes coded for a protein with
Kazal-like protease inhibitor fold, an INL11B-like elicitin, an
Table 3 e Protein signatures highly represented in the
cDNA library from P. viticola in vitro germinated
zoospores.
Function/Motif InterPro Unigenes (ESTs)
Hexapeptide transferase IPR018357 12 (49)
MCO/Laccase IPR008972 1 (26)
Mannose-binding lectin IPR001229 5 (15)
EGF-like region IPR013032 3 (10)
Tubby IPR000007 2 (9)
Phox homologous domain IPR001683 4 (7)
ABC-2 type transporter IPR013525 3 (7)
Adventurous gliding, peptidase IPR009003 1 (7)
Cellulose synthase IPR005150 4 (5)
Myo-inositol 1-phosphate synthase IPR002587 1 (5)
Total 36 (140)
Table 2 e Functional classification of P. viticola cDNA sequences from in vitro germinated zoospores based on annotation
with InterProScan.
Process Unigenes (ESTs) GO biological process Unigenes (ESTs)
Metabolism 35 (46) Carbohydrate metabolic process (GO:0005975) 6 (6)
Metabolic process (GO:0008152) 4 (5)
Oxidation reduction (GO:0055114) 7 (7)
Aminoacid metabolism 3 (4)
ATP biosynthetic process (GO:0006754) 3 (5)
PI metabolic process (GO:0046488) 3 (3)
Tricarboxylic acid cycle (GO:0006099) 2 (2)
Protein metabolic process (GO:0019538) 2 (3)
Lipid metabolic process (GO:0006629) 1 (2)
Inositol biosynthetic process (GO:0006021) 1 (5)
Glyoxylate cycle (GO:0006097) 1 (2)
Cyclic nucleotide biosynthetic process (GO:0009190) 1 (1)
Ceramide metabolic process (GO:0006672) 1 (1)
Cell wall metabolism 8 (15) Cell wall catabolic process (GO:0016998) 3 (6)
Cell wall modification (GO:0042545) 3 (3)
Cellulose catabolic process (GO:0030245) 2 (6)
Transport 18 (20) Transport (GO:0006810) 2 (3)
Transmembrane transport (GO:0055085) 5 (5)
Anion transport (GO:0006820) 1 (1)
Cation transport (GO:0006812) 1 (2)
Potassium ion transport (GO:0006813) 2 (2)
Metal ion transport (GO:0030001) 2 (2)
Intracellular protein transport (GO:0006886) 3 (3)
Vesicle-mediated transport (GO:0016192) 2 (2)
Signalling 12 (15) Cell communication (GO:0007154) 5 (8)
Small GTPase mediated signal transduction (GO:0007264) 3 (3)
G-protein coupled receptor signalling pathway (GO:0007186) 2 (2)
Signal transduction (GO:0007165) 1 (1)
Two-component signal transduction system (GO:0000160) 1 (1)
Protein phosphorylation 14 (17) Protein amino acid phosphorylation (GO:0006468) 12 (13)
Protein amino acid dephosphorylation (GO:0006470) 1 (1)
Regulation of protein amino acid phosphorylation (GO:0001932) 1 (3)
Protein degradation 13 (22) Proteolysis (GO:0006508) 9 (16)
Protein ubiquitination (GO:0016567) 4 (6)
Others 19 (28) Translation (GO:0006412) 9 (11)
Transcription (GO:0006350) 2 (3)
Protein folding (GO:0006457) 2 (2)
Microtubule-based movement (GO:0007018) 3 (4)
Pathogenesis (GO:0009405) 2 (7)
DNA repair (GO:0006281) 1 (1)
830 P. Mestre et al.RXLR protein, a mannose-binding lectin, and an acidic chiti-
nase. Expression was studied on P. viticola sporangia, in vitro
germinated zoospores, and in infected grapevine leaves at dif-
ferent times postinoculation (6, 24, 48, 72, and 96 h postinocu-
lation (hpi), the last corresponding to sporulating leaves).
Expression of P. viticola actinwas used tomonitor the infection
process and evaluate pathogen biomass, whileVitis vinifera ac-
tin was used to standardise results among the samples corre-
sponding to infected leaves.
Results are shown in Fig 3. The steady increase in expres-
sion of P. viticola actin in the infection samples confirmed suc-
cessful pathogen colonisation over time and showed the
semiquantitative nature of the RT-PCR. Expression of elicitin,
Kazal-like inhibitor, and RXLR genes could be detected in
infected tissues, whilst chitinase and mannose-binding lectin
were barely detectable. The genes coding for elicitin and
Table 4 e P. viticola ESTs corresponding to putative secreted hydrolytic enzymes and effectors.
Function/Motif Unigenes (ESTs) BlastX P. infestans (E value)a
Glucanase inhibitor protein 4 (9) PITG_13655 (4e-82; 1e-15)
PITG_13671 (1e-26; 9e-17)
RXLR-dEER protein 2 (9) NSb
Elicitin-like 2 (7) PITG_10772 (6e-41); PITG_19604 (3e-42)
Endo-1,3-ß-glucanase 3 (5) PITG_03511 (1e-106); PITG_03511 (6e-72)
PITG_15980 (1e-108)
Endo-1,4-ß-glucanase 2 (6) PITG_18336 (2e-41; 2e-22)
Secretory protein OPEL 2 (4) PITG_00891 (5e-39); PITG_05156 (2e-37)
Pectinesterase 3 (3) PITG_18907 (3e-97; 1e-52)
PITG_08912 (6e-35)
Transglutaminase elicitor 2 (3) PITG_16956 (1e-87); PITG_16958 (1e-39)
Acidic chitinase 1 (3) PITG_17947 (1e-108)
Cathepsin-like cysteine protease 2 (2) PITG_13074 (6e-99); PITG_02423 (1e-161)
Cystatin-like cysteine protease inhibitor 2 (2) PITG_09169 (2e-10); PITG_00058 (2e-05)
Kazal-like protease inhibitor 1 (1) PITG_09840 (6e-23)
Total 26 (54)
a Best hit with the P. infestans proteome for each of the unigenes.
b NS: no significant hits found at E value  0.01.
Identification of effector genes from P. viticola 831Kazal-like inhibitor were detected as soon as 0 hpi (samples
taken just after inoculation) and their expression rose with
the increase in pathogen biomass. The gene coding for an
RXLR protein was detected as early as 6 hpi, its expression
peaked at 24e48 hpi and decreased at later time points. Elici-
tin, Kazal-like inhibitor, and RXLR were detected at earlier
time points than actin, suggesting an early induction of ex-
pression of secreted proteins. Expression of all genes could
be detected in P. viticola sporangia as well as in germinated
zoospores.Discussion
In this paper we described the development and analysis of
ESTs from in vitro germinated zoospores of Plasmopara viticola,
the causal agent of grapevine downy mildew. We report 827
ESTs clustered in 563 unigenes. Sequence analysis revealed
an important number of housekeeping genes, involved in pro-
cesses such as metabolism, protein degradation, phosphory-
lation, signalling, and transport (Table 2). Despite the low
redundancy of the library, some protein functions and motifs
were represented by several ESTs, implying a potential role for
these functions in the early stages of P. viticola development.
The library was rich in proteins containing the hexapeptide
repeat motif (IPR018357; 49 ESTs corresponding to 12 unigenes)
found in different transferase protein families, such as galacto-
sideacetyltransferase-likeproteins, thegamma-classofcarbonic
anhydrases, and tetrahydrodipicolinate-N-succinlytransferases
(Vaara1992; Jenkins&Pickersgill 2001).However, theP. viticola se-
quences lack particular transferase motifs, thus hindering us
from making any hypothesis about the putative role these pro-
teins may play in the infection process.
The most represented unigene (26 ESTs) encodes a protein
showing cuproredoxin fold motifs (IPR008972) and thus be-
longing to the Multicopper Oxidase Blue Protein (MCBPs) fam-
ily (Nakamura & Go 2005). The most similar Phytophthora
infestans protein (PITG 17323, 60 % aa identity, E value ¼ 1e-166) possesses three cuproredoxin domains and is predicted
to be secreted. The presence of three cuproredoxin domains
in the predicted protein places it into the Multicopper Oxi-
dases (MCOs), which are involved in the oxidization of a vari-
ety of aromatic substrates and include, among others, laccase
and ascorbate oxidase (Nakamura & Go 2005). While ascorbate
oxidase is found only in plants, laccases are found in a variety
of organisms such as bacteria, fungus, plants, and insects.
Among these, fungal laccases are the best characterised,
mainly due to their role in lignin degradation. Other than their
role in lignin catabolism, fungal laccases have been shown to
be involved in developmental processes, pigment formation,
and pathogenesis (Hoegger et al. 2006). Nothing is known
about laccases from Oomycetes. Based on the results of Blast
analysis, the P. viticola sequence shows the best similarity to
fungal laccases. Interestingly, a laccase-like protein from the
fungal pathogen Botrytis cinerea has been shown to oxidize
pterostilbene and resveratrol (Pezet et al. 1991), two grapevine
phytoalexins that are synthesized in response to pathogen at-
tack and have been suggested to play a role against grapevine
pathogens, including downy mildew (Pezet et al. 2004). There-
fore, although it remains possible that this protein is involved
in the developmental processes associated with zoospore ger-
mination, it is tempting to speculate on its possible function in
stilbene detoxification and thus its contribution to
pathogenesis.
We found 15 ESTs corresponding to five unigenes coding
for Jacalin-like mannose-binding lectins (IPR001229) possess-
ing a signal peptide. Lectins are proteins found in organisms
from all kingdoms characterised for binding specific carbohy-
drates reversibly. In animals, intracellular lectins are involved
in protein quality control (Lederkremer 2009), while cell sur-
face lectins play a role in adhesion, cell-to-cell interactions,
and innate immunity (Fujita 2002). Plant lectins, which are
mostly extracellular, are believed to play a role in interactions
with other organisms, either in defence or in recognition, and
Jacalin-related lectins have been described to play a role as
storage proteins and/or in defence (van Damme et al. 2004;
Fig 3 e Expression analysis of selected P. viticola secreted
genes upon infection.
The first two lanes correspond to PCRs on P. viticola gDNA
and double stranded cDNA from in vitro germinated zoo-
spores, respectively. The remaining lanes show RT-PCRs on
P. viticola sporangia (Sporangia), in vitro germinated zoo-
spores (Germ. Sp.), V. vinifera (Vitis), and P. viticola-inocu-
lated V. vinifera from 0 to 96 h postinfection (Infection (hpi)).
(L): PCR negative control. M: molecular weight marker.
VvACT: V. vinifera actin. PvACT: P. viticola actin. Note V. vi-
nifera actin expression is also detected in P. viticola zoo-
spores due to the presence of contaminating plant material
in the zoospores preparation. The different size of VvACT in
the first lane is caused by the presence of an intron in the
actin sequence. Results are representative of two indepen-
dent experiments. Accession numbers for these genes are:
HE582205 (Kazal-like protease inhibitor), HE582038 (INL11B-
like elicitin), HE582030 (RXLR-like protein), HE582037
(mannose-binding lectin), and HE582051 (acidic chitinase).
832 P. Mestre et al.de Hoff et al. 2009). Little is known about lectins from plant
pathogens. RSA (Rhizoctonia solani agglutinin) from the plant
pathogenic fungus R. solani is a lectin abundant in the fungal
survival structures that has been reported to be toxic against
the cotton leaf worm (Hamshou et al. 2010). Although we can-
not rule out the possibility that P. viticola lectins play a role in
host recognition and cellular adhesion, the low level of ex-
pression found for one of the P. viticola Jacalin-like lectins in
infected tissue (Fig 3) suggests that, rather than being in-
volved in the interaction with the plant, these proteins might
function as storage proteins in zoospores, with putative roles
in defence against pathogens in the early stages of P. viticola
development. In this context, it is worth noting that the P. vit-
icola lectin and chitinase genes show similar expression pat-
terns (Fig 3), and chitinases are known to function in
defence against fungal pathogens.The library contained several genes related to inositol me-
tabolism and inositol-mediated membrane trafficking. We
found five ESTs from Myo-inositol 1-phosphate synthase
(IPR002587), which catalyses the rate-limiting first step of
myo-inositol biosynthesis from glucose-6-phosphate (Michell
2008). Being a precursor of phosphatidylinositol (PI), the role
ofmyo-inositol biosynthesis in the early stages of P. viticola de-
velopment could be contributing the PI required for the mem-
brane synthesis associated to pathogen growth. A second
possibility is that PI is used as a precursor for the synthesis of
glycosylphosphatidylinositol (GPI) anchors (Michell 2008); in-
terestingly, we found six ESTs from an elicitin-like gene
(IPR002200) that is conserved amongOomycetes and predicted
to beGPI-anchored. Finally, amore appealing possibility is that
PI is used as the precursor of phosphorylated signal-
transduction molecules playing an important role in mem-
brane trafficking pathways (Odorizzi et al. 2000). A detailed
analysis of the ESTs revealed the presence of several genes in-
volved in themetabolism of PI phosphorylated derivatives: PI-
4-kinase (IPR000403, two ESTs), catalysing the synthesis of PI
4-phosphate from PI; PI 4-phosphate 5 kinase (IPR002498, one
EST) catalysing the synthesis of PI 4,5-bisphosphate from PI
4-phosphate; PI 3,4-bisphosphate phosphatase (two ESTs), in-
volved in the turnover of PI 3,4-bisphosphate. In accordance
with a possible role of PI in membrane trafficking, we found
proteins containing inositol-binding domains, like the Phox
and FYVE domains (seven ESTs and two ESTs respectively),
eight ESTs from Tubby, a protein known to bind inositol
(Santagata et al. 2001), and several components of membrane
trafficking, like clathrin adaptor protein (three ESTs), SNARE
protein, Rab GTPase, and Sec-like vesicular fusion protein
(Odorizzi et al. 2000). It is noteworthy that PI 4-phosphate has
been involved in the regulation of secretion (Hama et al. 1999).
Plant pathogenic fungi andOomycetes secrete an array of hy-
drolytic enzymes and effectors tomanipulate host structure and
metabolism and thus accomplish successful infection (Kamoun
2006; de Jonge et al. 2011). Identifying these secreted proteins
and knowing their mode of function is important to understand
the establishment of compatibility between host and pathogen.
Also, since most avirulence genes corresponding to resistance
genes against fungal or Oomycete pathogens are secreted pro-
teins (Stassen& van den Ackerveken 2011), identifying the path-
ogen’s secretome opens the way to discovering the cognate
avirulence genes using a candidate gene approach. The P. viticola
cDNA library contained 117 ESTs corresponding to 36 unigenes
that encoded proteins predicted to contain a signal peptide and
thus being secreted. When considering the proteins whose best
Blast hit on P. infestans (E value< 10e-30)were secreted, thenum-
ber of putatively secreted proteins rose to 81 (179 ESTs). These
numbers stand for 6% and 14%of the P. viticolaunigenes respec-
tively (Table 1). Analysis of Hyaloperonospora arabidopsidis ESTs
froman infection cDNA library revealed that 9% of the pathogen
unigenes were predicted to be secreted (Cabral et al. 2011), and
Phytophthora sojae ESTs derived from cDNA libraries correspond-
ing to different pathogen developmental stages contained 8 % of
secretedunigenes (Torto-Alalibo et al.2007).Thus, thepercentage
of secreted proteins observed for the P. viticola germinated zoo-
spores library appears slightly higher than for other Oomycetes,
although these differences could be associated with the type of
biological material used for the different libraries.
Identification of effector genes from P. viticola 833Importantly, among these putatively secreted proteins we
found 26 unigenes (54 ESTs) corresponding to hydrolytic en-
zymes, protein inhibitors, elicitor-like proteins, and members
of the RXLR family of effectors (Table 4). RT-PCR experiments
at different stages of the P. viticola infection cycle showed that
some of these genes were actually expressed upon infection
(Fig 3). Expression of RXLR proteins and apoplastic effectors
is known to be upregulated upon infection (Haas et al. 2009).
The kinetics of expression observed for the P. viticola RXLR
gene fits with current knowledge about RXLR effectors, which
are strongly expressed in the early stages of the interaction
and also in germinated zoospores (Dong et al. 2009; Haas
et al. 2009). Expression of the Kazal-like proteinase inhibitor
increased with pathogen biomass, with a pattern similar to
that reported for the P. infestans Kazal-like protease inhibitor
epi1 (Tian et al. 2004). Concerning the INL11B-like elicitin,
ESTs from the homologous P. infestans inl11b and P. sojae
sol11b have been found in cDNA libraries derived from spores
and infection, respectively (Jiang et al. 2006), and the P. viticola
INL11B-like gene expression pattern was comparable to those
of P. infestans elicitins inf1 and inf2b (Huitema et al. 2005).
Altogether, these results confirm the usefulness of in vitro ger-
minated zoospores for the identification of genes involved in
the interaction between grapevine and P. viticola.
Conclusion
Here we report the construction of a cDNA library from in vitro
germinated zoospores from the Oomycete Plasmopara viticola
and show the suitability of this material for the analysis of the
P. viticola secretome and subsequent identification of genes in-
volved in pathogenicity. High-throughput sequencing of cDNA
from in vitro germinated zoospores should allow in-depth anal-
ysis of theP. viticola secretome, allowingnot only a better under-
standing of the interaction but also the identification of
avirulence genes corresponding to thedifferent grapevine resis-
tance genes. The identification of effectors from P. viticola and
thecharacterisationof someof themasavirulence geneswill al-
low us to perform functional profiling of resistance sources as
well as to choose the best combinations of genes in a strategy
of pyramiding, thus improving the efficiency of the breeding
programs for resistance to grapevine downymildew.
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